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We present our technique to create a magneto-optical trap for dysprosium atoms using the narrow-line
cooling transition at 626 nm to achieve suitable conditions for direct loading into an optical dipole trap. The
magneto-optical trap is loaded from an atomic beam via a Zeeman slower using the strongest atomic transition
at 421 nm. With this combination of two cooling transitions we can trap up to 2.0 · 108 atoms at temperatures
down to 6µK. This cooling approach is simpler than present work with ultracold dysprosium and provides
similar starting conditions for a transfer to an optical dipole trap.
Strongly dipolar quantum gases enable the observation
of many-body phenomena with a balanced interplay be-
tween the isotropic, short-range contact interaction and
the anisotropic, long-range dipolar interaction [1]. Par-
ticular phenomena for a bosonic system are rotonic fea-
tures [2,3] and two-dimensional stable solitons [4]; while
for a fermionic system the possibility to reach the Quan-
tum Hall regime has been predicted [5]. The first el-
ement used to investigate dipolar quantum gases was
chromium with a magnetic moment of µCr = 6µB [6, 7].
The strongly dipolar regime was reached by using a Fes-
hbach resonance [8]. Recently a magneto-optical trap
(MOT) for holmium atoms was realized [9] and quantum
degeneracy of both bosonic and fermionic erbium [10,11]
and dysprosium [12,13] was achieved. These lanthanides
provide even larger magnetic moments than chromium,
in particular dysprosium being the most magnetic ele-
ment with µDy = 10µB.
In addition, these elements feature a rich atomic spec-
trum with several possible cooling transitions, hence, of-
fering different cooling schemes. In the case of the present
work with dysprosium, the strongest cycling transition at
421 nm was used for Zeeman slowing and the MOT [14].
To reach suitable conditions to load into an optical dipole
trap, the temperature was further decreased with a sec-
ond stage MOT operating at the ultra narrow transition
at 741 nm with a natural linewidth of 1.8 kHz [15].
In contrast, our approach is based on using the 421 nm
transition for Zeeman slowing and using the transition at
626 nm with a linewidth of 136(4) kHz [16] for trapping
the atoms with a narrow-line MOT, inspired by Er [17]
and Yb [18] experiments. Based on this cooling scheme
we capture up to 2.0 ·108 atoms at temperatures of 6µK.
We achieve similar starting conditions, with the atoms
already being in the energetically lowest Zeeman sub-
state, compared to current work with ultracold dyspro-
sium [19]. These are ideal conditions for direct loading
into an optical dipole trap. Preparing magnetic atoms in
the lowest Zeeman substate is essential due to heating
effects induced by dipolar relaxations [20].
The element dysprosium has two stable bosonic
162Dy(26%), 164Dy(28%) as well as two fermionic
isotopes 161Dy(19%), 163Dy(25%) with high natural
abundance. The electronic groundstate configuration
[Xe]4f106s2 offers an open 4f shell inside the closed 5s
and 6s shells, which leads to a large orbital angular mo-
mentum of L = 6. With its total electronic spin of S = 2
the electronic groundstate has a total angular momen-
tum of J = 8, which is the origin of the high magnetic
moment. In contrast to the bosonic isotopes, which have
no nuclear spin, the fermionic isotopes possess a nuclear
spin of I = 5/2 leading to six additional hyperfine levels
from F = 11/2 to F = 21/2 in the electronic ground-
state.
The 421 nm transition of dysprosium is used for Zee-
man slowing and transverse cooling of the atomic dys-
prosium beam [21] and has a linewidth of Γ421/2pi =
32.2MHz [15], which leads to a Doppler temperature
of TD,421 = h¯Γ/2kB = 773µK. Its saturation intensity
is Is,421 = pihcΓ/3λ
3 = 56.4mW/cm2. Magneto optical
trapping is performed on the closed 626 nm cycling tran-
sition. Due to its narrow linewidth of Γ626/2pi = 136 kHz
the Doppler temperature results in TD,626 = 3.3µK and
the saturation intensity is Is,626 = 72µW/cm
2. In the
fermionic case the excited states of both transitions ex-
hibit a hyperfine structure from F ′ = 13/2 to F ′ = 23/2
[22, 23].
The 421 nm laser light is produced by frequency dou-
bling the infrared light of two Ti:sapphire laser systems.
Both systems are locked together by a beat-note lock
[24]. The master Ti:sapphire laser is stabilized to an ul-
tra low expansion cavity (ULE) and generates light for
the transverse cooling and for absorption imaging. The
slave system produces far red detuned light for the Zee-
man slower (ZS). We create the orange 626 nm light by
sum frequency generation of a 1050 nm and a 1550 nm
fiber laser in a periodically poled lithium niobate crystal
(PPLN), inspired by [25]. Both fiber lasers have a spec-
ified linewidth of < 10 kHz on timescales of 120µs. Fre-
quency stabilization is achieved by coupling the orange
light to the ULE cavity and using the feedback signal to
lock the 1050 nm fiber laser, while the 1550 nm system is
free running. We estimate a linewidth of <30 kHz for the
locked orange light and measured daily shifts of less than
20 kHz. We employ an electro optical modulator (EOM)
with a resonance frequency of 105 kHz to broaden the
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Fig. 1: (Color online) Schematic setup of our cold atom appa-
ratus consisting of two main parts: a steel vacuum chamber
for the MOT, and a glass cell with high optical access. The
atomic beam is Zeeman slowed with 421 nm light and trav-
els with an angle of 20◦ to the gravitational direction z. The
atoms are captured in the steal chamber, where the radial
MOT beams are aligned under an angle of 45◦ in respect to
the horizontal and vertical axis. The atoms are absorption
imaged from below with 421 nm light.
linewidth of this laser to ≈ 70 Γ626, which increases the
capture velocity of the MOT. With this spectral broad-
ener EOM we can achieve a higher atom number and a
gain in the capture rate of our MOT.
A beam of dysprosium atoms is produced by a high
temperature effusion cell at 1250◦C. Before the atoms
enter the ZS, a transverse cooling stage by a two dimen-
sional optical molasses is provided. The beams are ellip-
tically shaped (wx = 6.8mm, wy = 1.7mm) to achieve
a higher spacial overlap with the atomic beam. We typ-
ically use a power of Ptrans = 100mW leading to an
intensity of Itrans ≈ 9 Is,421 per beam, with a detuning
of −1 Γ421. Using transverse cooling we gain a factor of
four in the atom number and increase the capture rate by
a factor of five. In the spin-flip ZS the atoms are slowed
down to a velocity of v ≈ 15m/s. The ZS operates at a
detuning of −18 Γ421 and with a power PZS = 100mW.
The ZS beam is focused on the aperture of the effusion
cell and has an estimated diameter of 18mm at the po-
sition of the MOT. This results in a light intensity of
IZS ≈ 0.7 Is,421. The effect of the ZS light on the MOT’s
lifetime is discussed in a later section.
The narrow-line MOT is set up in a retroreflected con-
figuration where the radial beams are aligned under an
angle of 45◦ with respect to the horizontal and vertical
axis, as shown in Fig. 1. To accomplish a large trapping
volume the beams have a diameter of 22.5mm and a light
intensity of about IMOT = 370 Is,626 per beam. The fol-
lowing presented data are focused on the 164Dy bosonic
isotope, while the other isotopes are qualitatively simi-
lar.
We load more than 1.5 · 108 atoms with a tempera-
ture of about 500µK in 4 s at a detuning of δ626 =
0
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Fig. 2: (Color online) (a) Atom number as a function of
MOT detuning for the 164Dy boson. Spectral broadening
of the 626 frequency allows us to reach higher detuning
and consequently a higher atom number N = 1.5 · 108 at
δ626 = −35Γ626 (squares). Without the spectral broadener
only an atom number of N = 1.2 · 108 at δ626 = −29 Γ626
is reached (circles). (inset) The EOM broadens the orange
frequency up to ≈ 70 Γ626, which is shown in a transmission
signal of the ULE cavity. (b) The 161Dy fermion reaches a
maximal atom number of N = 2.1 · 107 due to the fact that
only the F = 21/2 hyperfine state is trappable by the re-
pumperless MOT as it also has a lower natural abundance.
−35 Γ626 and with an axial magnetic field gradient of
∇B = 3G/cm. To reduce the temperature, and to in-
crease the atomic number density, the MOT is com-
pressed in 170ms by decreasing the MOT light in-
tensity to IcMOT = 0.15 Is,626 and the detuning to
δcMOT = −2.75 Γ626. To avoid atom losses during the
compression stage we open the magnetic field gradient
to ∇B = 1.5G/cm. Finally we end up with 1.5 · 108
atoms at a temperature of about 6µK and an atomic
number density of 8.6 · 1010 cm-3, resulting in a phase
space density of about 1.5 · 10−5. Moreover, we could
prove by state selective absorption imaging that most of
the atoms are automatically pumped by the MOT light
to the lowest Zeeman state mj = −8.
Fig. 2 shows the atom number as a function of the
MOT detuning. Similar to the erbium [17] and stron-
tium [26] narrow-line MOT gravity has a strong influence
on the position and the shape of the atomic cloud. For
higher detunings the cloud shifts downwards in the direc-
tion of gravity and increases its volume. Increasing the
detuning the atom number increases due to an enlarge-
ment in the capture volume. After reaching its maximum
the atom number decreases rapidly caused by the finite
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Fig. 3: (Color online) (a) Atom number as a function of
the loading time at δ626 = −35 Γ626. By fitting the stan-
dard loading rate equation (solid lines) one obtains a cap-
ture rate R = 3.1 · 108 1/s and a decay rate γ = 1.6 1/s for
Itrans = 16 Is,421 (circles) and accordingly for no transverse
cooling (triangles) R = 4.0 · 107 1/s and γ = 1 1/s. (b) The
transverse cooling is provided right after the oven aperture
by shining in 421 nm light detuned by one linewidth. Atom
number (c) and capture rate (d) are plotted as a function of
the transverse cooling light intensity. The capture rate is in-
creased by a factor of eight and the maximum atom number
by a factor of five due to the transverse cooling.
size of the trapping beams. Besides the increase in atom
number and capture rate, the spectral broadener shifts
the observed maximum in atom number towards a higher
detuning. At a detuning of δ626 = −35 Γ626 it provides
frequency components from 0Γ626 to -70 Γ626, resulting
in a maximal atom number of up to N = 1.5 ·108 atoms.
Between -28 Γ626 and -35 Γ626 the graph shows a drop
in the atom number. This is caused by stray magnetic
fields restricting the cloud’s elongation.
A transverse cooling stage has a major effect on the
loading behaviour of our MOT, which is shown in Fig.
3. When transverse cooling before the Zeeman slower is
employed the atom number reaches its steady state value
Nss after around 3 s. By fitting the standard loading rate
equationN(t) = Nss(1−e−γt) with Nss = R/γ we obtain
a capture rate of R = 3.1 · 108 1/s and a decay rate of
γ = 1.6 1/s for the maximum available transverse cooling
power of Ptrans = 165mW (I = 16 Is,421) per beam.
Using this intensity, we can increase the capture rate by
a factor of eight and the maximum atom number by a
factor of five to 2.0 · 108 atoms.
We investigated the decay rate of the MOT concerning
atom number density and ZS light by measuring the
lifetime of our MOT. Here, after loading the MOT for
4 s, the atomic beam was blocked. We observed that
the maximum atom number is mainly limited by losses
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Fig. 4: (Color online) Atom number as a function of the hold-
ing time at a detuning δ626 = −35Γ626. The fast decay is
caused by the ZS light (diamonds). A single exponential func-
tion is used to extract the time constant (γ = 1.4 1/s). In the
case of no ZS light (circles) equation (1) was used to extract
the two-body loss rate (solid lines). After the first fast two-
body decay, we observe life times of around 12 s, still limited
by one-body scattering processes of the 626 nm light.
caused by the ZS light, as can be seen in Fig. 4. We at-
tributed the fast decay (γ = 1.4 1/s) of the atom number
to off-resonant pumping of the ZS light to excited states.
This effect was present for any detuning δ626 meaning
that a spatial separation of the atomic cloud from the
ZS light, as reported in [17], seems not possible with our
configuration, where the ZS light propagates at an angle
of 20◦ with respect to gravitational direction.
As a consequence, we switched off the ZS light and
the ZS field resulting in a longer lifetime of about 12 s.
We also turned off the spectral broadener as it did not
affect the lifetime. Note that the atomic cloud changes
its position by missing ZS light pressure and ZS mag-
netic field. We still observe a fast decay at the beginning
which we attribute to two-body losses due to light in-
duced collisions. To extract the two-body loss rate β we
use the following equation for the evolution of the atom
number [27]:
N(t) =
Nssγe
−γt
γ + βNssρee(1−ρee)
V
(1− e−γt)
, (1)
where Nss is the steady state atom number, γ the one-
body loss rate, ρee the relative excited state population
and V = 2
√
2pi3/2σxσ
2
y the effective volume with σx the
axial and σy the radial cloud size. We took lifetime curves
for three different atomic number densities n = Nss/V
by changing the trapping volume with the magnetic field
gradient (Fig. 4). In addition we investigated the decay
rate of the compressed MOT where we have a ten times
lower relative excited state population due to the smaller
detuning and lower light intensity. As a result we esti-
mate the two-body loss rate to β = 3.0(3) · 10−9 cm3/s,
independent of the atomic number density and the rela-
tive excited state population of ρee = 0.037.
The slow decay at longer times is caused by pumping
processes of the orange light. To investigate this we re-
duced the intensity after the loading phase to different
intensities between 1 Is,626 ≤ I626 ≤ 18 Is,626 and at low
intensities were able to achieve lifetimes up to 35 s.
Futhermore, we achieved a MOT for the bosonic 162Dy
isotope with N = 1.3 · 108 atoms at a temperature of
6µK. In comparison to the 164Dy isotope the lower atom
number is caused by the lower natural abundance. In
the fermionic case we were able to trap up to N = 2.1 ·
107 161Dy atoms without additional repumpers, see Fig.
2. Taking into account the natural abundance and the
fact that only the F = 21/2 hyperfine state is trappable
by the MOT, the reached atom number is higher than
expected. This means the repumperless ZS light pumps
a small amount of atoms from lower hyperfine states to
the F = 21/2 state. For all isotopes we could see the
same effects of the transverse cooling and the spectral
broadener.
In summary we have realized a narrow-line MOT using
the 626 nm transition in dysprosium. With this method
we trap up to N = 2.0 · 108 atoms at a temperature
of 6µK. Our scheme is a simple and effective way to
provide cold atoms for loading directly into an optical
dipole trap. We currently load N = 20 · 106 atoms in
our single beam dipole trap. After loading we transport
the atoms from the MOT chamber over a distance of
40 cm to the glass cell by moving the last focusing lens
of the dipole trap, which is mounted on an air bearing
stage. We are able to transport N = 11 · 106 to the glass
cell, where no extra loss occurs as compared to keeping
the atoms in the dipole trap in the steel chamber. The
transport efficency is hence only limited by the normal
background loss during the time needed to move the lens.
This work is supported by the German Research Foun-
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